With the goal of generating the Galactic Center gamma-ray excess, we revisit models in which the dark matter interacts with the Standard Model through the exchange of a new neutral gauge boson, Z . We find several scenarios that can account for this signal, while respecting all existing constraints from colliders and direct detection experiments. In such models, the Z either 1) couples axially to light quarks and is leptophobic, 2) couples dominantly to the third generation, or 3) is near resonance, m Z ≈ 2mDM. We identify an example of an anomaly-free U (1) that leads to an axial and leptophobic Z . Many of the models presented here are within the reach of near future direct detection experiments, such as LUX and XENON1T.
I. INTRODUCTION
The excess of gamma-rays observed from the region surrounding the Galactic Center [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] exhibits a number of characteristics which favor an interpretation in terms of annihilating dark matter. In particular, the spectrum, spatial morphology, and overall normalization of this signal are each consistent with that predicted from annihilating weakly interacting massive particles (WIMPs). And although numerous particle physics models have been proposed to account for this signal, the overwhelming majority fall within four phenomenological categories:
• Models in which the dark matter annihilates through the s-channel exchange of a spin-zero mediator with pseudoscalar couplings [13] [14] [15] [16] [17] [18] [19] .
• Models in which the dark matter annihilates to bb through the t-channel exchange of a colored and charged state with a TeV-scale mass [15, 20] .
• Models in which the dark matter annihilates to produce unstable particles with only very small couplings to the Standard Model (SM) (ie. hidden sector models) [21] [22] [23] [24] [25] [26] [27] [28] [29] .
• Models in which the dark matter annihilates through the s-channel exchange of a new neutral gauge boson, Z [15, 16, 19] .
In this article, we revisit the last of these four possibilities, considering the constraints on such scenarios from direct detection experiments, as well as from the Large Hadron Collider (LHC) and other accelerator experiments. With these constraints in mind, we consider options for model building, identifying several phenomenologically viable and anomaly-free models that are capable of explaining the Galactic Center excess. The existence of gauge symmetries beyond those of the Standard Model are a feature common to a wide variety of new physics scenarios (for a review, see Ref. [30] ). In particular, new broken abelian U (1) gauge symmetries and the Z bosons that accompany them are predicted by many Grand Unified Theories (GUTs), including those based on the SO(10) or E 6 groups [31, 32] . Additional massive gauge bosons also appear as a generic element of string inspired phenomenological models [33] [34] [35] [36] [37] [38] [39] [40] [41] , as well as within the context of little Higgs theories [42] [43] [44] [45] , dynamical symmetry breaking scenarios [46] [47] [48] , models with extra spatial dimensions [49] [50] [51] [52] , and many other popular extensions of the Standard Model [53] [54] [55] . It has also been long appreciated that the dark matter might interact predominantly through its couplings to a Z , leading to a number of implications for direct and indirect detection [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] .
In this paper, we revisit Z mediated dark matter scenarios within the context of the Galactic Center gammaray excess. After reviewing the characteristics of the excess in Sec. II, we consider in Sec. III a number of simplified models, calculating the thermal relic abundance, low-velocity annihilation cross section, and elastic scattering cross section of the dark matter in a variety of Z mediated scenarios. In Sec. IV, we review the constraints from the LHC (as well as from the Tevatron, UA2, and LEP) on models with a Z . With these collider and direct detection constraints in mind, we turn in Sec. V toward model building, identifying a number of anomalyfree U (1) s that are potentially capable of explaining the Galactic Center excess. In Secs. VI and VII, we discuss the prospects for testing this collection of models with near future experiments and summarize our results and conclusions. lar distribution that corresponds to a dark matter density profile of ρ DM ∝ r −1.2 , in agreement with expectations from hydrodynamical simulations of Milky Way-like galaxies [71, 72] . The spectral shape of the observed excess is also in good agreement with that expected from annihilating dark matter. Considering dark matter particles that annihilate predominately to bb, for example, the observed spectrum favors a mass in the range of 31-40 GeV [10] (or 43-55 GeV [11] , 35-43 GeV [9] , as found by the authors of other recent analyses; see also Ref. [73] ). Annihilations to lighter quarks (or to combinations of quark species) can also provide a good fit, although for somewhat lower values of the dark matter's mass [10] .
Recently, the authors of Ref. [11] studied how systematic uncertainties related to the modeling of diffuse astrophysical emission processes (pion production, inverse Compton scattering, and bremsstrahlung) might impact the spectrum and angular distribution of the Galactic Center gamma-ray excess. Despite considering a wide range of assumptions regarding the distribution of cosmic ray sources, gas, radiation, and magnetic fields, as well as for the diffusion, convection and reacceleration of cosmic rays, it was found that the excess persists for all such variations. Furthermore, the spectral and morphological characteristics of the excess were found to be quite stable across this range of astrophysical assumptions. Similar conclusions were also reached in Ref. [74] .
To date, two classes of astrophysical explanations for the Galactic Center excess have been proposed. The first of these is that a population of thousands of unresolved millisecond pulsars might generate the observed signal. Millisecond pulsars were originally suggested as a possible source for the excess due to the fact that the shape of the gamma-ray spectrum observed from such sources is similar to that predicted from the annihilations of ∼30 GeV dark matter particles [2, 75] (and also as presciently noted in Ref. [76] ). In light of recent analyses, which revealed the Galactic Center excess to be spatially extended to a radius of at least ∼10
• [7, 10, 11] , such sources no longer appear to be a tenable explanation. In particular, if enough millisecond pulsars were present within the inner kiloparsecs of the galaxy to account for the observed emission, Fermi should have detected and resolved a large number of such bright objects (∼60 with L γ > 10 35 erg/s) [77] [78] [79] , whereas none have been observed. Only if the luminosity function of the millisecond pulsar population in the region surrounding the Galactic Center is significantly different from those observed elsewhere [80, 81] could this constraint be evaded. Furthermore, a comparison of the numbers of luminous low mass X-ray binaries in globular clusters and in the Galactic Bulge suggests that the gamma-ray emission from millisecond pulsars is likely to constitute a flux that is only a few percent as bright as that of the gamma-ray excess [77] .
The second proposed astrophysical explanation for the excess is a recent outburst of cosmic rays from the Galactic Center, generating the gamma-ray signal via either hadronic (pion production) [82] or leptonic (inverse Compton scattering) [83] processes. The hadronic case, however, inevitably leads to a gamma-ray signal that is correlated with the distribution of gas and that is extended along the Galactic Plane [82] , highly incompatible with the observed characteristics of the excess. The leptonic case, in contrast, could be more smoothly distributed and spherically symmetric. It is difficult, however, for inverse Compton scattering to simultaneously generate a spectrum and spatial morphology that is compatible with the observed emission [83] , in particular given the apparent consistency of the spectral shape across different regions of the Inner Galaxy [11] .
Interpretations of the Galactic Center excess in terms of annihilating dark matter often assume that the dark matter is distributed according to a generalized NFW profile:
where γ is the profile's inner slope and R s is the scale radius. For example, Ref.
[10] adopts a scale radius of R s = 20 kpc and a value of ρ 0 such that ρ local = 0.3 GeV/cm 3 , and then finds that γ = 1.23 − 1.29 provides the best fit to the data. For annihilations to bb, and under these assumptions, the annihilation cross section required to fit the excess was found to be σv = (1. [84] [85] [86] ) while requiring the slope of the halo profile at r = 0.3 kpc to remain fixed to the best fit value, this allows for a significantly wider range of values for the annihilation cross section, σv (0.4 − 5) × 10 −26 cm 3 /s. If one were to allow for departures from the simple parameterization of the generalized NFW profile, an even larger range of cross sections would be found to be compatible with the observed signal.
The Fermi Collaboration has recently presented results from a stacked analysis of dwarf spheroidal galaxies, finding that σv < ∼ 1.4 × 10 −26 cm 3 /s for m DM = 35 GeV and annihilations to bb (assuming that dark matter is distributed in dwarf spheroidals according to an NFW profile) [87] (see also Ref. [88] ). While this new limit does appear to exclude the largest values of the cross section that are compatible with the Galactic Center excess, it is not yet in tension with a dark matter interpretation of this signal. This constraint may suggest, however, a low-velocity dark matter annihilation cross section that is somewhat lower than its value at the temperature of freeze-out. Such a difference could arise from a p-wave contribution to the amplitude for dark matter annihilation, or from annihilations taking place near a resonance. As we will show, such phenomenology can arise in a variety of Z mediated scenarios.
III. SIMPLIFIED MODELS FOR Z MEDIATED DARK MATTER
In this section, we take a model-independent approach to Z mediated dark matter, following that taken in Ref. [15] . In later sections, we will consider how the phenomenological features discussed in this section might arise within the context of a larger and more complete theory.
At first glance, it may appear that a wide variety of Z mediated scenarios could potentially account for the observed gamma-ray excess. After all accelerator and direct detection constraints are taken into account, however, we find that relatively few phenomenological options are presently viable. For example, unless the dark matter is a fermion, Z mediated annihilation diagrams are suppressed by powers of velocity (p-wave suppressed), and thus are unable to generate the observed flux of gammarays. Furthermore, a Z with vector couplings to light quarks will generate an elastic scattering cross section with nuclei that is strongly ruled out by direct dark matter searches. There are, however, more promising scenarios, such as dark matter in the form of a Dirac or Majorana fermion that annihilates through the exchange of a Z with purely axial couplings to quarks. Alternatively, if the mediating Z couples only to third generation fermions (or otherwise has suppressed couplings to light quarks and electrons), we can identify a number of scenarios that are consistent with the constraints of accelerators and direct searches. In the following subsections, we will discuss the annihilation, relic abundance, and elastic scattering of dark matter in each of the aforementioned cases.
A. Dirac Dark Matter With An Axial Z Consider a dark matter particle that is a Dirac fermion, χ, coupled to a spin-1 mediator with axial couplings to SM fermions, Z µ :
Note that we deliberately do not include af γ µ f Z µ term in order to avoid generating a large vector amplitude for elastic scattering. The annihilation cross section in this case is given by:
The first term of this expression generically dominates the annihilation cross section at thermal freeze-out, and provides an unsuppressed annihilation rate in the universe today. Also note that so long as g χv is not much smaller than g χa , the annihilation will proceed approximately equally to all SM fermion final states, according to their couplings to the Z . A somewhat counterintuitive aspect of this result is that for a purely axial coupling (g χv = 0), the low-velocity cross section does not exhibit a pole at m Z = 2m χ .
For this case of a Z with purely axial couplings to quarks, the dark matter interacts with nuclei only through spin-dependent operators:
FIG. 1. Results for dark matter in the form of a Dirac fermion, annihilating through the exchange of a Z with only axial couplings to Standard Model fermions (assumed to be universal/democratic). In the lower frame, the solid lines denote the product of the couplings g f , gχ needed to generate a thermal relic abundance equal to the observed cosmological dark matter density. The dotted lines represent the current constraints from direct detection experiments [90] . In the upper frame, we plot the low-velocity annihilation cross section (as relevant for indirect detection). In each frame, the black and blue contours correspond to the case of dark matter with purely vector couplings to the Z , and that of equal vector and axial couplings.
where J N is the spin of the target nucleus. We take the standard values to describe the nuclear quark content, ∆ [89] . Note that the vector coupling, g χv , leads to an elastic scattering cross section that is suppressed by two powers of the velocity, resulting from the fact that the momentum transfer does not sum coherently in the case of this operator.
In the lower portion of Fig. 1 , we plot the couplings required to generate a thermal relic abundance equal to the measured cosmological dark matter density (as calculated following Ref. [91] ), for the cases of a purely vector coupling to dark matter (solid black) and equal vector and axial couplings to dark matter (solid blue), assuming democratic couplings to all SM fermions. In the calculation of the thermal relic abundance, we take Γ Z = 1 GeV (the width cannot be calculated without specifying the value of g f ). In the upper portion of the same figure, the low velocity annihilation cross section for this choice of couplings is shown. The factor of 1/2 included in this quantity accounts for the fact that the dark matter is Dirac, and thus the annihilation rate in the Galactic Center is suppressed relative to the Majorana case. In this scenario, the cross section is dominated by the s-wave contribution, leading to an unsuppressed lowvelocity cross section to heavy and light fermions alike. The results shown here are for the case of dark matter particle with a 25 GeV mass, which provides a good fit to the gamma-ray excess for annihilation channels that are approximately democratic.
The dotted contours shown in the lower portion of Fig. 1 represent the constraints on this model from direct searches, as derived from the results of the LUX experiment [90] . If the Z interacts with the dark matter only through a vector coupling (dotted black), this model is likely to remain beyond the reach of direct detection experiments for the foreseeable future (unless the Z is very light). On the other hand, if the axial coupling is comparable to the vector coupling (dotted blue), direct detection experiments are expected to become sensitive to this scenario in the near future (with XENON1T, and possibly with additional data from LUX). Also note that if m Z < m χ , the dark matter will likely annihilate predominantly to Z pairs, depending on the ratio of the Z 's couplings to SM fermions and dark matter; we do not consider this case further in this study.
B. Majorana Dark Matter With An Axial or
Axial-Vector Z Next, we consider a Majorana dark matter particle, χ, that interacts with SM fermions through a Z :
Note that in the case of a Majorana fermion, the coupling to the Z is automatically purely-axial. The annihilation cross section in this case is given by:
Expanding in powers of velocity yields (for each SM fermion species):
In contrast to the Dirac case, this cross section is dominated by the v 2 (p-wave) term at freeze-out (unless m Z < ∼ 2m χ ). In other words, the σv ∝ v 2 term dominates the annihilation cross section for v 2 ∼ 0.1, leading to an annihilation rate that is suppressed in the universe today (where v 2 ∼ 0). This is illustrated in the upper portion of Fig. 2 , where the low-velocity cross section is shown to be well below the s−wave prediction for a thermal relic (∼ 2 × 10 −26 cm 3 /s). Note that this case is similar to that in which a Majorana dark matter particle annihilates through the exchange of the SM Z. As this leads to a low-velocity cross section on the order of ∼10 −28 cm 3 /s (as seen from Fig. 2 for the case of m Z = 91.2 GeV), dark matter annihilation through Z exchange cannot be responsible for generating the Galactic Center gamma-ray excess. Once again, we note that the low-velocity cross section does not exhibit a pole at m Z = 2m χ .
The dark matter scatters with nuclei in this case through a combination of spin-dependent (axial) and spinindependent (vector) operators:
where Z and A are the atomic number and atomic mass of the target, respectively. The later term in this expression corresponds to an anapole moment interaction. For more detailed discussion, see Refs. [92] [93] [94] .
In Fig. 2 , we present the required couplings and lowvelocity annihilation cross section in this scenario. Here, the black (blue) contours denote the case of purely axial (equal axial and vector) couplings between the Z and SM fermions. For light Z masses, the cross section is dominated by the s-wave contribution, leading to an unsuppressed low-velocity cross section. For m Z > ∼ 2m χ , in contrast, the annihilation cross section at the temperature of thermal freeze-out is dominated by the p-wave contribution, and the low-velocity cross section is suppressed. The results shown here are for the case of dark matter with a 35 GeV mass, which provides a good fit to the gamma-ray excess for annihilations to bb.
The dotted contours shown in the lower portion of Fig. 2 represent the constraints on this model from direct searches, as derived from the results of the LUX experiment. In the case of a Z with purely axial couplings to SM fermions, these constraints rule out m Z < ∼ 50 GeV in this scenario. If there is any significant vector coupling, this leads to a large spin-independent scattering cross section that, despite the velocity suppression shown in Eq. 10, is ruled out by LUX.
Taking the LUX constraint along with the requirement that σv(v → 0) > ∼ 4×10 27 cm 3 /s (to generate the gammaray excess), we find that most of the parameter space is excluded, leaving only the case in which m Z 50 GeV. If we were to break the assumption that the Z couples equally to all SM fermions, however, much more of the parameter space could become viable.
C. A Third Generation Z
In the previous two subsections, we assumed that the Z had equal (democratic) couplings to all SM fermions. The constraints from direct detection experiments, how-
Results for dark matter in the form of a Majorana fermion, annihilating through the exchange of a Z with either axial (black) or axial-vector (blue) couplings to Standard Model fermions (assumed to be universal/democratic). In the lower frame, the solid lines denote the product of the couplings g f , gχ needed to generate a thermal relic abundance equal to the observed cosmological dark matter density. The dotted lines represent the current constraints from direct detection experiments [90] . In the upper frame, we plot the low-velocity annihilation cross section (as relevant for indirect detection).
ever, are driven in large part by the couplings of the Z to light quarks. One can relax such constraints (as well as constraints from accelerators) by considering dark matter that is mediated by a Z with suppressed couplings to light fermions. A wide range of scenarios have been proposed in which a Z couples only to, or preferentially to, the third generation [95] , including topcolor models [96] , non-universal extended technicolor models [48] , string inspired models [97] , and Kaluza-Klein models in which the fermion families are spatially separated [63] . With this motivation in mind, we will consider dark matter in the form of a Dirac fermion and a Z that couples to the SM only through the third generation:
where f = t, b, τ, ν τ . The dark matter annihilation cross section (for each third generation fermion species) in this case is given by:
+ 1
Expanding in powers of v 2 (for each third generation fermion species):
In these expressions, [Eq. 3] and [Eq.5] denote the cross sections as provided in the respective equations, for a given fermion species (as opposed to the sum over all fermion final states).
In the left and center frames of Fig. 3 , we show the results for scenarios described in the previous two subsections, as modified such that the Z couples only to the dark matter and b-quarks (the results would be almost identical if the couplings were assumed to extend to the rest of the third generation). Although much of the phenomenology remains unchanged, two important differences are immediately apparent. First, direct detection constraints (and prospects) all but disappear; without couplings to first and second generation quarks, the elastic scattering cross section with nuclei become sufficiently small to evade all planned or proposed direct detection experiments. Second, in the case of Majorana dark matter (left frame), the low-velocity annihilation cross section is larger than in the case of democratic couplings, and is thus more capable of accounting for the observed normalization of the Galactic Center gamma-ray excess. In the right frame of the same figure, we consider the possibility of a Z with vector couplings to both the (Dirac) dark matter and to third generation quarks. In this case, the elastic scattering cross section with nuclei is generated through a bottom loop coupled to a photon [98] (loops with two gluons do not contribute [99, 100] ).
IV. COLLIDER CONSTRAINTS ON A DARK MATTER MEDIATING Z
In this section, we discuss the constraints from accelerator experiments on a Z that mediates the annihilations of dark matter. Although searches for dark matter particles through their jet-plus-missing energy signature at hadron colliders (ie. mono-jets) [101] [102] [103] [104] [105] are potentially very interesting, the accelerator constraints on the Z itself are generally more restrictive. For this reason, we focus on Z constraints.
By searching for peaks in the invariant mass distribution of dilepton events, as predicted to result from the process pp → Z X → l + l − X (where l = e, µ), the ATLAS [106] and CMS [107] Collaborations have placed very stringent constraints on a Z with unsuppressed couplings to both light quarks and leptons. The rate for such events is determined by the product of the Z production cross section and its branching fraction to electrons or muons, which are determined in large part by its couplings to light quarks and leptons, respectively. In Fig. 4 , we have translated the constraint of Ref. [106] into the g f -m Z plane, for the case of a Z with purely axial and democratic couplings to SM fermions, and setting the value of g χ to ensure a thermal relic abundance in agreement with the cosmological dark matter density. In this case, with equal couplings to all SM fermions, a Z heavier than ∼150 GeV is only viable as a mediator of dark matter annihilation if its effective coupling to the dark matter is much larger than that to SM fermions, by a factor of ∼ 20 or more. Unless near resonance (m Z 2m χ ), similar conclusions are reached for lower masses, as a result of constraints on the leptonic coupling of a Z from LEP II, which limit g e < ∼ 10 −2 for m Z < ∼ 209 GeV [108].
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Although the charge assignments of a given U (1) are generally expected to all be of the same order of magnitude, a large hierarchy of coupling strengths could result if the Z obtains an effective coupling to the SM through mixing.
A Z with suppressed couplings to electrons and muons can be much more difficult to constrain using either e + e − or hadron colliders. In the case of a leptophobic Z , the most stringent constraints are generally derived from from searches for a dijet resonance at hadron colliders, via the process→ Z →. These constraints are shown in Fig. 4 , including limits from UA2 [109] , CDF [110] , and CMS at both 7 TeV [111] and 8 TeV [112] . The sensitivity of such searches is ultimately limited by the large and uncertain QCD background, which swamps any would-be resonance arising from a Z with couplings smaller than approximately electroweak-strength. In addition to these more direct accelerator constraints, there are also a number of indirect and low energy measurements that restrict the mass and couplings of a Z . In particular, kinetic mixing between the Z and the SM Z could shift the mass of the Z from its predicted value, contributing to the T parameter [113] . Precision measurements of m Z (as well as other electroweak measurements) can thus strongly constrain the degree of mixing between the Z and any Z [114, 115] .
If the couplings of the Z to the SM quarks are generation dependent, tree-level flavor-changing neutral current processes will be generated [116] , strongly constrained by meson mixing measurements [116] [117] [118] . To evade the most stringent of such constraint, we assume throughout this study that the Z couples identically to the first two generations of the SM. And although quarkonium decays FIG. 4 . Constraints from dilepton resonance searches at ATLAS (solid red), and dijet resonance searches at UA2 [109] (dashed), CDF [110] (dotted), and CMS [111, 112] (solid blue) on the couplings a Z that mediates the annihilations of the dark matter. Throughout the plane, gχ has been set such that the thermal relic abundance is equal to the cosmological dark matter density (black solid lines represents contours of fixed gχ). For a Z with equal couplings to all Standard Model fermions, the dilepton constraints are very stringent, generally forcing us toward scenarios in which gχ g f . If the Z is leptophobic (coupling less strongly to leptons than to quarks), only the dijet constraints apply, and gχ can be within a factor of a few of gq for m Z < ∼ 500 GeV.
can be restrictive for m Z < ∼ 10 GeV [119], heavier Z s are not strongly constrained by such observations.
As we will discuss in the following section, additional fermions are generally required in order to cancel gauge anomalies in theories with a U (1) . In addition to directly searching for a Z , colliders can also be sensitive to these exotic fermions. The requirement of perturbativity translates into an upper limit on the mass of such exotics, m f < ∼ 5.4 TeV × (m Z /100 GeV)(0.1/g Z )(1/z ϕ ), where z ϕ is the charge of the Higgs field responsible for breaking the U (1) . The prospects for the discovery of such particles at the LHC seem encouraging, in particular for any exotics with QCD color.
V. ANOMALY-FREE MODELS
In order to ensure gauge invariance of the full quantum field theory, all anomalies that arise due to triangle diagrams with gauge bosons as external lines must cancel. In this section, we will discuss what additional fermionic particle content must be introduced into a theory with an additional U (1) if it to be anomaly-free.
Before proceeding, we need to establish some notation. So far in this paper, we have described the interactions of a Z in terms of its effective vector and axial couplings, g f v and g f a . Assuming that the Z corresponds to a single U (1) (as opposed to being a mixture of different gauge eigenstates), we can write these effective couplings in terms of U (1) gauge charges:
where z f L and z f R are the gauge charges of left and righthanded fermions, and g Z is the gauge coupling of the U (1) . The anomalies resulting from triangle diagrams with two gluons and a Z or two SU (2) W gauge bosons and a Z are cancelled if the following conditions are met:
and
where the sums extend over all left-and right-handed fermions charged under SU (3) and SU (2), respectively. The counting factor n 2 is equal to 2 (1, 3) for all fermions in an SU (2) doublet (singlet, triplet) and n c is 3 (1, 8) for fermions in an SU (3) triplet (singlet, octet).
Moving on, the cancellation of anomalies resulting from diagrams with a combination of two hypercharge gauge bosons and a Z requires: where Y f is the fermion's hypercharge. And similarly for the diagram with two Z s and one hypercharge gauge boson:
The cancellation of the self-induced anomaly from a triangle with three Z s requires:
And lastly, the cancellation of the anomaly resulting from a diagram with two gravitons and a Z requires:
If the only fermions in these loops are those of the SM, the only anomaly-free U (1) is U (1) B−L (ie. that charged under baryon number minus lepton number). All other charge assignments require the introduction of additional chiral fermions, known as exotics [120, 121] . As U (1) B−L leads neither to purely axial nor leptophobic couplings, we are lead to consider models with additional fermions. A (B − L) charge assignment limited to third generation fermions would be a phenomenologically viable option, however.
Following Secs. III A and III B, we first consider a Z with purely axial couplings to light quarks, z q L = −z u R = −z d R . In this case, Eq. 15 (describing the g − g − Z anomaly) cannot be satisfied without introducing colored fermions beyond those contained within the SM. In Table I, we describe the particle content in examples of anomaly-free Z models with purely axial couplings to SM quarks. The first of these cases (labelled "Axial A") is the well known U (1) ψ model, as inspired by E 6 Grand Unification. In this model, all fermions belonging to the 10 or5 representations of SU (5) have the same charge under the new U (1) . Anomalies are cancelled in this model by two right-handed neutrinos (ν R , ν R ), as well as the fermions ψ l and ψ d , which are vector-like under the SM and possess the same SM charges as l L and d R , respectively (each per generation). In this model, any of the right-handed neutrinos could serve as our dark matter candidate, assuming that it is stabilized by some unnamed symmetry. We also present in Table I an alternative model with purely-axial couplings to the Z (labelled "Axial B"). Here, instead of a pair of right-handed neutrinos, we include left-and right-handed components of the fermion χ, which again can serve as our dark matter candidate.
Moving on to leptophobic scenarios, we consider three models with a Z that couples proportionally to baryon number ("Leptophobic A-C") [122, 123] . Although these models do not require any additional colored fermions to cancel anomalies, they do require ψ l and ψ e , with the same SM charges as l L and e R , respectively. The scenario "Leptophobic B" is particularly interesting, as the Z couples to the potential dark matter candidate ν R nine times more strongly than it does to SM quarks, resulting in significantly relaxed constraints from hadron colliders.
To the best of the author's knowledge, there are no well known examples in the literature of U (1) models that are both axially coupled to quarks and leptophobic. Such a model is not difficult to construct, however, and we give an example in the final column of Table I ("AxialLeptophobic"). In Fig. 5 we plot the constraints on the parameter space of this axial and leptophobic model. For a wide range of Z masses (m Z 30 − 400 GeV) this model is compatible with all direct detection and accelerator bounds.
In addition to axial and leptophobic models, there are many viable scenarios in which the Z couples dominantly to the third generation. For example, the models "Axial [110] , UA2 [109] ) and direct detection (LUX [90] ) constraints on the axial and leptophobic Z model described in the rightmost column of Table I . The solid black contour is the region of the plane in which the thermal relic abundance is equal to the cosmological dark matter density. For m Z 30 − 400 GeV, this model provides a viable explanation for the Galactic Center gamma-ray excess.
A" and "Axial B", if applied only to the third generation, would lead to phenomenology similar to that shown in the middle frame of Fig. 3 .
VI. PROSPECTS FOR FUTURE DIRECT DETECTION EXPERIMENTS
We would like to emphasize the importance of upcoming results from direct detection experiments in testing the range of models considered in this study. Assuming that the Z couples to light quarks, the XENON1T experiment (and possibly LUX) should be sensitive to most of the scenarios presented here; the only exceptions being a Z with purely vector couplings to the dark matter and purely axial couplings to the SM, or a Z near resonance (m Z 2m χ ). Alternatively, if the Z only couples to third generation fermions, direct detection experiments will soon become sensitive to any vector interactions that couple the dark matter to b or t quarks. Axial couplings to the third generation will remain beyond the reach of such experiments for the foreseeable future.
We note that similar conclusions are reached when considering other classes of particle physics models capable of accounting for the Galactic Center gamma-ray excess. For example, if dark matter annihilations are mediated by a pseudoscalar (such as in two Higgs doublet models, etc.), the scalars that are also found in such models are generally predicted to generate elastic scattering cross sections that are within the reach of upcoming direct detection experiments [13, 17, 18] . Similarly, models in which the dark matter annihilates to SM fermions through t-channel diagrams predict elastic scattering cross sections that are not far below the present bounds from LUX [15, 20] .
In light of these considerations, if no positive signal is reported from LUX or XENON1T, hidden sector models will become increasingly attractive. Models with an additional U (1) naturally lead to such phenomenology when m Z < m χ [21, 22, 25, 27] . Although we have not focused on this case here, such models are simple to construct and can quite easily evade constraints from both direct detection and collider experiments.
VII. SUMMARY AND CONCLUSIONS
Additional massive neutral spin-one particles appear within a wide variety of well motivated scenarios for physics beyond the Standard Model. In this study, we have considered models in which the dark matter interacts with the Standard Model through the exchange of a such a Z , with the intention of identifying scenarios that are capable of producing the gamma-ray excess observed from the region surrounding the Galactic Center. After taking into account all constraints from colliders (LHC, Tevatron, LEP II, UA2) and direct detection experiments (most notably, LUX), we find three viable classes of such models:
• A Z with axial couplings to Standard Model quarks and suppressed couplings to leptons can fulfill each of these requirements. We have identified an example of an anomaly-free U (1) that leads to an axial and leptophobic Z which mediates the annihilations of a right-handed neutrino that serves as our dark matter candidate. For m Z 30 − 400 GeV, this models is consistent with all collider and direct detection constraints.
• A Z that couples preferentially to third generation fermions can mediate the annihilations of dark matter responsible for the Galactic Center excess, while being largely unconstrained by direct detection and collider experiments.
• A quite weakly coupled Z with a mass near the dark matter annihilation resonance (m Z 2m DM ) can evade all current constraints, even without suppressed couplings to leptons.
Many of these scenarios are within the anticipated reach of upcoming direct detection experiments, including LUX and XENON1T. A null result from this collection of experiments would significantly reduce the range of dark matter models that could potentially account for the Galactic Center gamma-ray excess. 
